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A totally implantable piezoelectric generator system able to harness power from 
electrically activated muscle could be used to augment the power systems of implanted 
medical devices, such as neural prostheses, by reducing the number of battery 
replacement surgeries or by allowing periods of untethered functionality. The features of 
our generator design are no moving parts and the use of a portion of the generated power 
for system operation and regulation. A software model of the system has been developed 
and simulations have been performed to predict the output power as the system 
parameters were varied within their constraints. Mechanical forces that mimic muscle 
forces have been experimentally applied to a piezoelectric generator to verify the 
accuracy of the simulations and to explore losses due to mechanical coupling. Depending 
on the selection of system parameters, software simulations predict that this generator 
concept can generate up to approximately 700 µW of power, which is greater than the 
power necessary to drive the generator, conservatively estimated to be 50 μW. These 
results suggest that this concept has the potential to be an implantable, self-replenishing 
power source and further investigation is underway.  
 
https://ntrs.nasa.gov/search.jsp?R=20070017901 2019-08-30T00:46:40+00:00Z
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ul
at
e 
ou
tp
ut
 
po
w
er
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•
Th
e 
ra
bb
it 
qu
ad
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ep
s 
is
 b
ei
ng
 u
se
d 
as
 th
e 
an
im
al
 
m
us
cl
e 
m
od
el
–
Th
e 
tw
itc
h 
fo
rc
e 
ha
s 
be
en
 v
er
ifi
ed
 to
 b
e 
be
tw
ee
n 
30
 a
nd
 
50
 N
.
•
Th
e 
te
st
 s
ta
nd
 a
nd
 c
on
ne
ct
io
n 
to
 te
nd
on
 c
an
 w
ith
st
an
d:
–
15
 lb
s 
(6
7 
N
) o
f s
ta
tic
 w
ei
gh
t
–
D
yn
am
ic
 fo
rc
es
 c
on
si
st
in
g 
of
 p
ea
k 
fo
rc
es
 o
f 6
0 
N
 
•
B
lo
ck
 d
ia
gr
am
 o
f t
he
 te
st
 s
ta
nd
:
Test stand base
Force 
transducer
P
ie
zo
el
ec
tri
c 
ge
ne
ra
to
r i
n 
ho
ld
er
Tu
rn
bu
ck
le
M
us
cl
e
Test stand support
R
ab
bi
t
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•
S
et
 u
p 
te
st
 s
ta
nd
–
Fo
rc
e 
tra
ns
du
ce
r
–
Pi
ez
oe
le
ct
ric
 g
en
er
at
or
 in
 h
ol
de
r, 
a 
Le
ad
 M
ag
ne
si
um
 N
io
ba
te
st
ac
k 
ge
ne
ra
to
r w
as
 u
se
d 
(T
R
S
 
C
er
am
ic
s,
 P
M
N
 3
2%
PT
 A
ct
ua
to
r)
–
C
on
ne
ct
 th
e 
pi
ez
oe
le
ct
ric
 g
en
er
at
or
 to
 th
e 
st
or
ag
e 
ci
rc
ui
t
•
P
er
fo
rm
 s
ur
ge
ry
–
Ex
po
se
 p
at
el
la
r t
en
do
n,
 d
is
co
nn
ec
t f
ro
m
 ti
bi
a,
 d
ril
l h
ol
e 
th
ro
ug
h 
pa
te
lla
, p
ul
l w
ire
 th
ro
ug
h 
ho
le
 
an
d 
cr
im
p
–
Ex
po
se
 th
e 
fe
m
or
al
 n
er
ve
 a
nd
 p
la
ce
 a
 c
uf
f e
le
ct
ro
de
 a
ro
un
d 
th
e 
ne
rv
e
•
C
on
ne
ct
 ra
bb
it 
to
 te
st
 s
ta
nd
–
C
on
ne
ct
 w
ire
 b
et
w
ee
n 
pa
te
lla
 a
nd
 tu
rn
bu
ck
le
/g
en
er
at
or
/fo
rc
e 
tra
ns
du
ce
r
–
U
se
 ti
e 
w
ra
p 
to
 c
on
ne
ct
 th
e 
tib
ia
/fe
m
ur
 to
 th
e 
te
st
 s
ta
nd
•
Fi
nd
 s
tim
ul
at
io
n 
pa
ra
m
et
er
s
–
Ad
ju
st
 th
e 
m
us
cl
e 
le
ng
th
 to
 th
at
 w
hi
ch
 p
ro
du
ce
s 
m
ax
im
um
 fo
rc
e
–
Fi
nd
 th
e 
th
re
sh
ol
d 
cu
rre
nt
 fo
r p
ro
du
ci
ng
 m
ax
im
um
 tw
itc
h 
fo
rc
e
•
R
un
 E
xp
er
im
en
t
–
St
im
ul
at
e 
fe
m
or
al
 n
er
ve
 
–
R
ec
or
d 
th
e 
vo
lta
ge
 a
cr
os
s 
th
e 
lo
ad
 re
si
st
or
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ve
ra
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 p
ea
k 
fo
rc
e 
= 
32
 N
V
ol
ta
ge
 g
ai
n 
= 
0.
3 
V
O
ut
pu
t p
ow
er
 =
 3
0 
nW
C
ha
rg
in
g 
tim
e 
= 
74
 s
ec
A
ve
ra
ge
 p
ea
k 
fo
rc
e 
= 
60
 N
V
ol
ta
ge
 g
ai
n 
= 
1.
7 
V
O
ut
pu
t p
ow
er
 =
 1
 µ
W
C
ha
rg
in
g 
tim
e 
= 
85
 s
ec
Tw
itc
h 
C
on
tr
ac
tio
ns
Te
ta
ni
c
C
on
tr
ac
tio
ns
Th
e 
pr
ot
ot
yp
e 
ge
ne
ra
to
r s
ys
te
m
 w
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 c
ha
rg
ed
 
w
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•
C
ur
re
nt
 o
ut
pu
t p
ow
er
 le
ve
ls
 a
re
 b
el
ow
 p
re
di
ct
ed
 v
al
ue
s.
 
Im
pr
ov
em
en
ts
 th
at
 c
an
 b
e 
m
ad
e 
to
 im
pr
ov
e 
ou
tp
ut
 p
ow
er
.
–
N
ee
d 
to
 e
ns
ur
e 
pi
ez
oe
le
ct
ric
 g
en
er
at
or
 is
 s
qu
ar
e 
w
ith
 h
ol
de
r a
nd
fo
rc
e 
is
 o
nl
y 
ap
pl
ie
d 
in
 d
ire
ct
io
n 
no
rm
al
 to
 th
e 
cr
os
s 
se
ct
io
na
la
re
a 
of
 th
e 
ge
ne
ra
to
r.
–
U
se
 lo
w
 p
ow
er
 d
io
de
s 
in
 a
n 
ef
fo
rt 
to
 in
cr
ea
se
 o
ut
pu
t p
ow
er
 le
ve
ls
.
–
E
xp
lo
re
 s
tim
ul
at
io
n 
pa
ra
m
et
er
s 
to
 m
ax
im
iz
e 
ou
tp
ut
 p
ow
er
. A
 tr
ad
e-
of
f e
xi
st
s 
be
tw
ee
n 
in
pu
t s
tim
ul
at
io
n 
po
w
er
 a
nd
 o
ut
pu
t f
or
ce
 
pr
od
uc
ed
 b
y 
th
e 
m
us
cl
e.
•
Th
e 
in
pu
t p
ow
er
 n
ec
es
sa
ry
 fo
r t
he
 m
ot
or
 n
er
ve
 s
tim
ul
at
io
ns
 w
as
 
gr
ea
te
r t
ha
n 
th
e 
ou
tp
ut
 p
ow
er
 d
ur
in
g 
th
e 
fir
st
 a
ni
m
al
 e
xp
er
im
en
t. 
 
–
A
 s
iz
e 
co
rr
ec
tio
n 
an
d 
im
pr
ov
em
en
t i
n 
el
ec
tro
de
 p
la
ce
m
en
t w
ill
 
re
du
ce
 th
e 
am
ou
nt
 o
f s
tim
ul
at
io
n 
in
pu
t p
ow
er
 n
ee
de
d.
 
•
U
se
 a
 lo
w
 p
ow
er
ed
 s
tim
ul
at
or
 a
nd
 c
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ui
try
 to
 d
em
on
st
ra
te
 s
el
f-
su
st
ai
ni
ng
 s
tim
ul
at
ed
 m
us
cl
e 
co
nt
ra
ct
io
ns
 a
nd
 p
ow
er
 
ge
ne
ra
tio
n.
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C
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m
itt
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:
–
D
r. 
K
en
 G
us
ta
fs
on
, C
W
R
U
 B
M
E
 D
ep
ar
tm
en
t
–
D
r. 
K
ev
in
 K
ilg
or
e,
 C
W
R
U
 B
M
E
 D
ep
ar
tm
en
t
–
D
r. 
S
te
ve
 G
ar
ve
ric
k,
 C
W
R
U
 E
E
C
S
 D
ep
ar
tm
en
t
–
D
r. 
B
ob
 K
irs
ch
, C
W
R
U
 B
M
E
 D
ep
ar
tm
en
t
–
D
r. 
D
us
tin
 T
yl
er
, C
W
R
U
 B
M
E
 D
ep
ar
tm
en
t
•
In
 a
dd
iti
on
:
–
M
r. 
Fr
ed
 M
on
ta
gu
e,
 C
as
e 
Te
ch
ni
ca
l D
ev
el
op
m
en
t L
ab
or
at
or
y
–
M
s.
 K
at
ie
 H
al
la
ha
n,
 C
W
R
U
 S
tu
de
nt
–
M
r. 
A
le
x 
Fr
ay
na
, C
W
R
U
 S
tu
de
nt
–
D
r. 
Y
or
da
n
K
os
to
v,
 U
M
B
C
 C
he
m
ic
al
 &
 B
io
ch
em
ic
al
 E
ng
in
ee
rin
g
–
M
r. 
R
og
er
 D
ia
m
on
d,
 L
C
C
C
 E
ng
in
ee
rin
g 
D
ep
ar
tm
en
t
–
D
r. 
S
ki
p 
Le
w
an
do
w
sk
i, 
B
W
 B
us
in
es
s 
D
iv
is
io
n
•
Fu
nd
in
g:
–
Th
is
 p
ro
je
ct
 is
 fu
nd
ed
 b
y 
N
A
S
A
 G
le
nn
 R
es
ea
rc
h 
C
en
te
r’s
 H
um
an
 R
es
ea
rc
h 
P
ro
gr
am
 o
f t
he
 E
xp
lo
ra
tio
n 
S
ys
te
m
s 
D
iv
is
io
n 
an
d 
by
 th
e 
M
ic
ro
gr
av
ity
 
Sc
ie
nc
e 
D
iv
is
io
n,
 N
IH
 H
D
40
29
8 
an
d 
Th
e 
S
ta
te
 o
f O
hi
o 
B
R
TT
 0
3-
10
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